Catalase is sorted to peroxisomes via a C-terminal peroxisomal targeting signal 1 (PTS1), which binds to the receptor protein Pex5. Analysis of the C-terminal sequences of peroxisomal catalases from various species indicated that catalase never contains the typical C-terminal PTS1 tripeptide-SKL, but invariably is sorted to peroxisomes via a non-canonical sorting sequence. We analyzed the relevance of the non-canonical PTS1 of catalase of the yeast Hansenula polymorpha (-SKI). Using isothermal titration microcalorimetry, we show that the affinity of H. polymorpha Pex5 for a peptide containing -SKI at the C-terminus is 8-fold lower relative to a peptide that has a C-terminal -SKL. Fluorescence microscopy indicated that green fluorescent protein containing the -SKI tripeptide (GFP-SKI) has a prolonged residence time in the cytosol compared to GFP containing -SKL. Replacing the -SKI sequence of catalase into -SKL resulted in reduced levels of enzymatically active catalase in whole cell lysates together with the occurrence of catalase protein aggregates in the peroxisomal matrix. Moreover, the cultures showed a reduced growth yield in methanol-limited chemostats. Finally, we show that a mutant catalase variant that is unable to properly fold mislocalizes in protein aggregates in the cytosol. However, by replacing the PTS1 into -SKL the mutant variant accumulates in protein aggregates inside peroxisomes. Based on our findings we propose that the relatively weak PTS1 of catalase is important to allow proper folding of the enzyme prior to import into peroxisomes, thereby preventing the accumulation of catalase protein aggregates in the organelle matrix.
Introduction
Catalase is an important antioxidant enzyme that decomposes hydrogen peroxide into water and oxygen. The active enzyme is a homo-tetrameric protein of approximately 240 kDa, which contains 4 heme molecules [1] .
In most eukaryotes catalase is confined to peroxisomes. Peroxisomes are subcellular organelles that occur in all eukaryotes and are involved in a large variety of processes, which depend on species, cell type and developmental stage. By definition, they contain catalase in conjunction with at least one hydrogen peroxide producing oxidase. The presence of catalase at the site of hydrogen peroxide production is assumed to prevent the leakage of this reactive compound from the organelle to other cellular compartments [2] .
Mammals invariably contain a single catalase gene, which encodes a peroxisomal enzyme. The same is true for most yeast species. An exception however is Saccharomyces cerevisiae, which has two catalase genes, encoding cytosolic (catalase T) and peroxisomal catalase (catalase A) [3] . Plants generally contain three catalase genes, which all encode peroxisomal enzymes [4, 5] .
Sorting of peroxisomal catalases depends on Pex5, the peroxisomal targeting signal 1 (PTS1-) receptor. The canonical PTS1 sequence is the tripeptide (S/A/C)(K/R/H)(L/M) at the extreme C-terminus. These conserved tripeptides are generally present in high-abundant peroxisomal matrix proteins. In addition, peroxisomal matrix proteins exist that have non-canonical C-terminal tripeptides. These are much less conserved and generally occur on low abundant peroxisomal matrix proteins. Where the canonical PTS1 sequence is generally sufficient to target a reporter to peroxisomes, non-canonical PTS1 sequences often require auxiliary targeting information [6] [7] [8] [9] [10] . Based on detailed studies on the interaction of the PTS1 binding domain of Pex5 with various proteins/peptides, the PTS1 is now defined as a Cterminal 12 amino acid sequence, which consists of the C-terminal tripeptide that interacts with the PTS1-binding site in Pex5, a tetrapeptide immediately upstream this tripeptide, which may interact with the surface of Pex5, and a flexible hinge of 5 residues (reviewed in [8] ).
Peroxisomal catalase, although being a conserved and relatively abundant protein, does not have a canonical PTS1 sequence in any of the organisms studied so far (see Table 1 ). For instance, peroxisomal catalases of the methylotrophic yeast species Candida boidinii and Hansenula polymorpha contain the C-terminal tripeptides -NKF and -SKI respectively [11, 12] . Also, catalases may have very unusual PTS1 variants, such as the tetrapeptide -KANL of human catalase [13] and the hexapeptide -SSNSKF in S. cerevisiae catalase A [14] . Moreover, the C-terminal PTS in S. cerevisiae catalase A was reported to be redundant for sorting, as the protein contains a second, internal peroxisomal sorting signal, present between residues 104 and 126 [14] . Although largely conserved between S. cerevisiae and H. polymorpha catalase (for an alignment see [15] ), the role of this region in Pex5p binding is unknown, as it is not surface exposed [16] . Pumpkin Cat1 also contains an internal peroxisomal sorting signal, near its C-terminus, in addition to a redundant PTS1 sequence at the extreme C-terminus [17] . The role of this region, which appears to be conserved in plants but not in other catalase proteins, in Pex5p binding remains to be determined.
In vitro binding studies, using the PTS1 binding domain of human Pex5, indicated that peptides containing the typical PTS1 sequence -SKL have a higher affinity for Pex5 compared to the other PTS1 variants that were tested [18] [19] [20] . This poses the question of the significance of the unusual PTS1 sorting signals of catalase.
Here we analyzed the non-canonical PTS1 of H. polymorpha catalase. First, we show that this sequence is required for import of the protein into peroxisomes. In vitro studies revealed that H. polymorpha Pex5p has an eightfold lower affinity for the -SKI tripeptide of catalase relative to the typical -SKL sequence. Replacing the -SKI sequence by the stronger -SKL sequence resulted in import of the protein into peroxisomes, but also in a decrease in catalase enzyme activities in conjunction with the formation of catalase protein aggregates in the organelle matrix. Hence, our results suggest that the non-canonical, weak PTS1 of H. polymorpha catalase contributes to obtaining high levels of enzymatically active catalase inside peroxisomes in vivo.
Materials and methods

Organisms and growth
The H. polymorpha strains used in this study are listed in Table 2 . H. polymorpha cells were grown in batch cultures at 37°C on selective YND media containing 0.67% yeast nitrogen base without amino acids or mineral media (MM). Media were supplemented with 0.5% glucose or 0.5% methanol as carbon source and 0.25% ammonium sulfate as nitrogen source. When required, amino acids or uracil was added to a final concentration of 30 μg/ml. Cells were grown in methanol-limited chemostat cultures (dilution rate 0.07 h − 1 ) at a pH of 5.0. The feed contained 0.4% (v/v) methanol and 60 μg/ml leucine.
For growth on agar plates the media were supplemented with 2% agar. For selection of resistant transformants, YPD plates containing 100 μg/ml zeocin (Invitrogen, Breda, The Netherlands) were used.
For cloning purposes Escherichia coli DH5α was used. Cells were grown at 37°C in LB supplemented with 100 μg/ml ampicillin or kanamycin when required.
Full length H. polymorpha Pex5p was produced in the E. coli strain BL21 DE3 (B, F-, dcm, ompT, hsdS (rB − mB − ), gal λ(DE3)). Cells were grown at 37°C to an OD 600 of 0.4 in LB medium supplemented with antibiotics, transferred to 21°C and grown further until an OD 600 of 0.7. Protein production was then induced with 1 mM IPTG (Invitrogen) for 4 h.
Peptides
The peptides YELKRKASSPSKI and YELKRKASSPSKL were synthesized by Pepscan (Lelystad, The Netherlands). The purchased peptides were HPLC purified and quality was assessed with LC/MS. The concentrations of peptides were estimated using a Nanodrop™ (www.nanodrop.com).
Molecular techniques
Plasmids and primers used in this study are listed in Tables 3 and 4 . Standard recombinant DNA techniques were carried out essentially as described before [21] . Transformation of H. polymorpha cells and site specific integration in the H. polymorpha genome were performed as described previously. DNA modifying enzymes were used as recommended by the suppliers (Roche, Almere, The Netherlands and Fermentas, St. Leon-Rot, Germany). Pwo polymerase was used for preparative polymerase chain reactions (PCR). Oligonucleotides were synthesized by Biolegio (Nijmegen, The Netherlands). DNA sequencing reactions were performed at Service XS (Leiden, The Netherlands). For DNA sequence analysis, the Clone Manager 5 program (Scientific and Educational Software, Durham, USA) was used. BLAST algorithms were used to screen databases at the National Center for Biotechnology Information (Bethesda, MD).
Construction of the Cat-SKL strain
The endogenous PTS1 of catalase (-SKI) was replaced by -SKL by changing the ATA codon into a CAG codon by double recombination. Plasmid pEBA0029 containing the double recombination cassette was created as follows. Cat-SKL PCR fragment I, which contained the code for the SKL sequence, was obtained by using the primers "BJ clo1 fw" and "BJ clo1 rev" (Table 4 ) and H. polymorpha wild-type genomic DNA as a template. This fragment and the pBS-zeo plasmid containing the zeocin marker were digested with SacII and XbaI and ligated, resulting in plasmid pEBA0028. The PCR fragment II, which corresponds to the 3′ end flanking region of the catalase gene, was amplified by using the primers "BJ clo2 fw" and "BJ clo2 rev" and WT::P AOX GFP-SKI Wild-type producing eGFP-SKI under control of the alcohol oxidase promoter, leu1.1 Zeo R [34] wild-type genomic DNA as a template. Subsequently, this fragment and plasmid pEBA0028 were digested with Acc65I and XhoI and ligated to produce pEBA0029. Plasmid pEBA0029 was digested with SacII and Acc65I. The resulting 2715 base pair fragment containing the CAT-SKL gene was transformed to wild-type H. polymorpha cells. Replacement of the wild-type CAT gene by the CAT-SKL gene in the genome at the correct position was confirmed by Southern blot analysis.
Construction of the Cat-SKI strain
For the construction of plasmid pAKR0043, a PCR fragment of 801 bp was obtained by primers AKR0027cat1fwd and AKR0028cat1rev using plasmid pEBA0029 as a template. This PCR fragment and plasmid pEBA0029 were digested with XbaI and SacII and ligated to produce pAKR0043. Correct plasmid construction was confirmed by sequence analysis. The plasmid pAKR0043 was digested with PvuI, Cfr42I and Acc65I and the 2715 base pair fragment containing the CAT-SKI gene was transformed to wild-type H. polymorpha cells. Zeocin resistant colonies were checked with PCR. Correct integration was confirmed by Southern blot analysis.
Construction of a point mutation in the heme binding site
To create catalase mutants disturbed in binding the heme cofactor, the conserved tyrosine Y348 which serves as heme proximal side ligand (see Accession no.: P30263) was changed into glycine. First, the catalase gene was amplified by PCR, thereby changing T into G at nucleotide position 1044, resulting in the formation of an ApaI restriction site. The downstream region of the catalase gene was amplified using primers CAT-ApaI Y348G-UP and CAT-DN (Table 4) ; the resulting fragment of 943 bp was digested with ApaI and inserted in pBluescript II SK + digested with ApaI and NaeI. The resulting plasmid was designated pB-CAT-DN. Upon digestion of pB-CAT-DN with ApaI and EcoRV, a 623 bp fragment (Y348G-Cat-DN) was obtained. The upstream region of the catalase gene, with a size of 1706 bp, was amplified using primers CAT-UP-Prom and CAT-ApaI Y348G-DN ( Table 2 ). The obtained fragment was cloned in pGEM-5Zf(+). Subsequently, the plasmid was digested with SphI and ApaI, resulting in a fragment (Y348G-Cat-UP) of approximately 1.1 kbp. Vector pHIPX9 was digested with SphI and SmaI and ligated with the two fragments Y348G-Cat-UP and Y348G-Cat-DN. The resulting plasmid, pHIPX9-Cat-Y348G, was digested with SphI for directed integration in the catalase promoter region in H. polymorpha NCYC 495 cat (leu1.1). Correct integration was confirmed by Southern blotting. The resulting strain was designated Cat-Y348G.
Plasmid pHIPX9-Cat-Y348G was also used as a template to construct plasmid pHIPX9-Cat-Y348G.SKL, encoding catalase containing a point mutation in the heme binding site and an -SKL at the extreme C-terminus, instead of -SKI. To this purpose the catalase gene was amplified using primers CAT-UP-Prom and CAT-SKL-SalI-DN. Vector pHIPX9 was digested with SphI and SalI and ligated with the 1.6 kbp PCR-fragment digested with the same enzymes. The resulting pHIPX9-Cat-Y348G.SKL was linearized with SphI and integrated in the catalase promoter of H. polymorpha NCYC 495 cat (leu1.1). Correct integration was analyzed by Southern blotting. The constructed strain was designated Cat-Y348G.SKL.
Construction of a strain producing catalase with -SKK at the extreme C-terminus
To construct genes, encoding the catalase with -SKI or the modified C-terminal tripeptide -SKK, plasmids pHCAT-K and pHCAT-B were used as template for amplification of the catalase genes with primers CAT-UP-Prom and CAT-C-term-DN. Fragments of 2.3 kbp were digested with SphI and integrated in pHIPX9, digested with SphI and SmaI. The resulting plasmids pHIPX9-Cat.SKI and pHIPX9-Cat.SKK were linearized with SphI and integrated in the catalase promoter region of NCYC 495 cat (leu1.1). Correct integration was analyzed by Southern Blot analysis. The resulting strains were designated Cat.SKI and Cat.SKK, respectively.
Construction of the HIS 6 -GST Pex5 expression plasmid
To construct plasmid pCW220, the His 6 -GST Pex5p expression plasmid, PCR was performed on genomic DNA using primers HpP5(F) and HpP5(R). The resulting product was digested with NcoI and HindIII and ligated into NcoI-HindIII digested pETM30. Table 4 Primers used in this study.
Name Sequence
Bj clo 1 fwd ACGACCTAACCGCGGGAGACTTGTGGGAAGCAATTGAGAA Bj clo 1 rev ACGTTCTATTCTAGATTACAGTTTGGATGGAGAAGAAGCC Bj clo 2 fwd TCAACAACCTCCCTCGAGTGATTATAGCTTCCTGATCTGG Bj clo 2 rev CTGTCGTTATGGTACCTTCATGGCAGTCTTGAGATCGTAG HpP5 (F) GCCATGGCATTTCTGGGAGGATCGG 2.9. Biochemical methods Crude extracts of H. polymorpha cells were prepared as described previously [22] . Catalase activity was measured according to Lück (1963) [23] . Protein concentrations were determined using the Biorad Protein Assay system (Biorad GmbH, Munich, Germany) using bovine serum albumin as a standard. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [24] and Western blotting [25] were performed as described before.
Purification of full length H. polymorpha Pex5p
Cell pellets were thawed in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 M urea, 5% ethanol, 3 mM β-mercaptoethanol, 2 mM PMSF), treated with 1 mg/ml lysozyme and then pulse sonicated on ice. Cell debris was removed by centrifugation and lysates were loaded onto glutathione sepharose-4B resin (GE Healthcare) preequilibrated with lysis buffer. The resin was sequentially washed with lysis buffer, buffer W1 (50 mM Tris, pH 7.5, 1 M NaCl, 3 mM βmercaptoethanol) and buffer W2 (50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM β-mercaptoethanol) and His 6 -GST Pex5p was eluted with buffer W2 containing 20 mM reduced glutathione. The His 6 -GST tag was removed by cleavage with His 6 -TEV and the sample was applied to Ni-NTA agarose (Qiagen), to remove the GST tag, TEV and undigested fusion protein. Pex5p was further purified by gel filtration on a Superdex 200 (16/60) column (GE Healthcare). Purity was monitored by SDS-PAGE analysis and protein concentration was estimated using a Nanodrop™ (www.nanodrop.com).
Fluorescence-and electron microscopy
Fluorescence microscopy was performed on a Zeiss Axioskop50 fluorescence microscope. Images were taken with a Princeton Instruments 1300Y digital camera. GFP signal was visualized with a 470/40nm bandpass excitation filter, a 495-nm dichromatic mirror, and a 525/50-nm bandpass emission filter. All GFP images were processed with the same settings in the program Adobe Photoshop cs2.
Whole cells were fixed and prepared for electron microscopy and immunocytochemistry as described before [26] . Immunolabeling was performed on ultrathin sections of Unicryl-embedded cells, using specific polyclonal antiserum against catalase and gold-conjugated goat-anti-rabbit antiserum [26] .
Isothermal titration microcalorimetry (ITC) measurements
Prior to ITC measurements, proteins and peptides were dialyzed against 25 mM Tris pH 7.5, 150 mM NaCl, 2 mM β-Mercaptoethanol. Measurements with Pex5p (28-35 μM) as a sample and peptide (280-350 μM) as the titration ligand were performed at 25°C, using a MicroCal VP-ITC and data were fitted with MicroCal Origin 7.0. Values measured during titrations are presented in Table 5 and correspond to the dissociation constant (Kd), the reaction stoichiometry (n), the changes in enthalpy (ΔH) and entropy (ΔS). The Gibbs free energy (ΔG) is calculated according to the equation ΔG = ΔH − TΔS, where T is the temperature.
Modeling of the SKI-Pex5p interaction
A model of the cargo binding region of H. polymorpha Pex5p was constructed using SWISS-MODEL (http://swissmodel.expasy.org/) with Pex5p from the Pex5p-SCP2 structure (PDB code 2C0L, [27] ) as template. This model, consisting of residues 259-568, was aligned against the eight available Pex5p-cargo structures from the human (PDB codes 1FCH, 2C0L and 3R9A) and trypanosome (PDB codes 3CV0, 3CVL, 3CVN, 3CVP and 3CVQ) proteins. An additional model, based on the Pex5p-YQSKL structure (PDB code 1FCH, [28] ) but containing an Ile, rather than Leu at the −1 position (constructed with the molecular graphics program COOT [29] ), was also included in the alignment.
Results
The C-terminal tripeptide -SKI is required for catalase sorting
We first analyzed whether the C-terminal -SKI sequence of H. polymorpha catalase is required for sorting of the protein to peroxisomes. Careful inspection of ultrathin sections of methanol-grown H. polymorpha wild-type cells labeled with anti-catalase antiserum revealed that the specific labeling was invariably confined to peroxisomes (Fig. 1A) . The labeling is located at the periphery of the organelle at the space between the central alcohol oxidase crystalloid and the peroxisomal membrane, in line with earlier observations [30] . When the extreme C-terminal residue of catalase was mutated into K (Cat-SKK) labeling was observed in the cytosol, but not in peroxisomes, confirming that the C-terminal Ile residue is essential for targeting of the protein to peroxisomes (Fig. 1B) . Moreover, these data indicate that H. polymorpha catalase does not contain a second, internal targeting signal. In addition, cells producing Cat-SKK were defective in growth on methanol (data not shown), in line with previous reports that proper sorting of catalase to peroxisomes is essential to allow growth of cells on methanol as sole carbon source [12] . 
Changing the C-terminal -SKI of H. polymorpha catalase into -SKL results in a reduced growth yield during growth on methanol, accompanied by reduced catalase activities in vivo
To further analyze the importance of the non-canonical PTS1 of catalase, two identical strains were constructed in which the original catalase gene was replaced by a gene encoding either the wild-type protein (cat-SKI) or a mutated variant (cat-SKL). The strains were constructed in such a way that they were genetically identical (except for the codon encoding the last residue of the PTS1) and contained the catalase gene under control of their endogenous promoter.
In order to study the effect of the single amino acid substitution on cell physiology, both strains were grown in methanol-limited chemostat cultures. Peroxisomal catalase activity is essential to allow growth of cells on methanol at these conditions [31] . Hence, minor deviations in enzyme activities or sorting are expected to affect the growth yields. The yield of the cultures (measured as optical densities at OD 660 ) was determined in two independent, steady state cultures of both strains. These measurements revealed that at steady state conditions (over a period of more than 50 h) the OD 660 of the Cat-SKL strain was significantly reduced (OD 660 4.22 ± 0.04) relative to that of the Cat-SKI strain (OD 660 4.69 ± 0.20).
Enzyme activity measurements in cell extracts of the two independent chemostat cultures of both strains revealed a significantly lower catalase activity in the Cat-SKL strain, namely a reduction of approx.~35% ( Fig. 2A) . Western blot analysis indicated only a minor reduction in the levels of catalase protein in cells of the Cat-SKL strain relative to that of the cat-SKI strain (Fig. 2B) . Densitometric scanning of the blots using the constitutive protein pyruvate carboxylase (Pyc) as loading control revealed that the catalase level was approx. 8% reduced in the cultures of the Cat-SKL strain. Hence, the reduction in enzyme activity can only partially be attributed to a reduction in catalase protein levels. As a consequence, a significant portion of the catalase protein in the Cat-SKL strain is apparently enzymatically inactive.
Cat-SKL cells contain catalase protein aggregates in peroxisomes
Immunolabeling experiments suggested that in Cat-SKI and Cat-SKL cells, all catalase protein was invariably localized to peroxisomes. These studies also showed however that electron dense protein aggregates occurred in the peroxisomal matrix of the Cat-SKL strain (Fig. 3A) . These aggregates were never observed in peroxisomes of Cat-SKI cells (compare Fig. 1A ). Immunolabeling revealed that these aggregates contained catalase protein (Fig. 3B) . Together with the biochemical data presented in Section 3.2. these data suggest that a portion of the catalase-SKL is most likely present as inactive protein aggregates inside the organelles, possibly because the -SKL signal results in import of catalase protein that is not (yet) properly folded/ assembled.
To test this, we constructed a mutant variant of catalase that is unable to fold properly. Heme binding is a pre requisite for catalase tetramerization [32] and disruptions to the heme binding pocket severely hinder catalase folding [33] . In the case of the catalase hydroperoxidase II (HPII) from E. coli, mutation of the proximal tyrosine residue completely abrogates heme binding, resulting in protein mis-folding [33] . The crystal structure of H. polymorpha catalase has recently been solved [15] . This study indicated that, as with other catalase structures, the heme binding pocket in H. polymorpha catalase is formed at the interface of two catalase subunits in the catalase tetramer, with tyrosine 348 acting as proximal, heme co-ordinating ligand. Hence, a gene was constructed, designed to hinder folding and tetramerization, that encodes a mutant form of H. polymorpha catalase, where tyrosine 348 was replaced with a glycine (Cat-Y348G). The mutant gene was expressed under control of the H. polymorpha catalase promoter in a strain in which the endogenous catalase gene was disrupted. As expected, the cells completely lacked catalase enzyme activity and were unable to grow on methanol (data not shown). Immunolabeling experiments using anti-catalase antiserum indicated that the bulk of the Cat-Y348G protein was present in electron dense aggregates in the cytosol and only a minor portion was present in peroxisomes (Fig. 4A) . This observation suggests that the block in heme binding indeed severely affected catalase protein folding. The minor portion of the catalase protein inside peroxisomes could indicate however, that import of catalase protein can occur without heme binding or proper protein folding. To test whether more protein would be imported upon replacing the endogenous PTS1 by the stronger SKL sequence, we constructed a strain that produced a mutant variant with both the Cat-Y348G mutation together with the strong PTS1 sequence -SKL (Cat-Y348G-SKL). Immunolabeling experiments revealed that in this strain anti-catalase labeling was confined to peroxisomes, where the protein was observed as electron dense spots, representing catalase protein aggregates (Fig. 4B ).
H. polymorpha Pex5p exhibits an 8 fold lower binding to -SKI over -SKL
In order to determine the effect an Ile residue in the − 1 position has on Pex5p binding, we designed peptides consisting of the last 12 amino acids of catalase (plus an extra Tyr residue at the Nterminus, to aid concentration determination), where the last residue was either Leu or Ile (YELKRKASSPSKI/L) and performed ITC (Table 5) . Interestingly, we observed that Pex5p exhibits an 8-fold lower binding affinity for the -SKI peptide relative to the -SKL form, indicating that -SKI is a less efficient targeting sequence in comparison to -SKL.
SKI reduces the efficiency of import of the model protein GFP relative to -SKL
In order to test whether the reduced affinity of the -SKI signal for Pex5 relative to -SKL affects peroxisomal protein sorting, we compared import of the fluorescent protein GFP containing either the -SKI [34] or -SKL peroxisomal targeting sequence [35] . In both strains GFP is extended only by the tripeptides (i.e. without any linkers; [34, 35] ). GFP-SKL or GFP-SKI was produced in wild-type H. polymorpha cells under control of the inducible alcohol oxidase promoter (P AOX ). The expression cassettes were integrated at the P AOX locus [34, 35] . During growth of cells on glucose the P AOX is fully repressed, resulting in the absence of fluorescence in the cells (data not shown). However, upon a shift to inducing conditions (methanol media) expression is induced. As shown in Fig. 5 , GPF fluorescence was observed in the cells of both strains that were induced for 4 h. In cells of the Cat-SKL strain fluorescence was confined to peroxisomes. By contrast, in cells producing GFP-SKI both cytosolic and peroxisomal fluorescence was observed (Fig. 5) . This difference suggests that import of GFP-SKI is less efficient relative to GFP-SKL in vivo.
Western blotting revealed that the levels of GFP as well as two key proteins involved in PTS1 protein import, Pex5 and Pex14, were similar in both strains (Fig. 5 ). Therefore, our data are consistent with the view that the observed differences in import efficiency are related to the reduced affinity of -SKI to Pex5p, relative to -SKL rather than a result of differences in GFP, Pex5p and Pex14p protein levels.
Modeling of Pex5p binding to catalase SKI
A closer look at the eight Pex5p-cargo structures currently available provides an insight into the contrasting behavior of the SKI/SKL versions of catalase (Fig. 6) . The actual C-terminal residue of the PTS1 does not make specific contacts with Pex5p. Instead, the carboxyl group of the poly-peptide backbone contacts a pair of Asn residues (Fig. 6 ) that are conserved in Pex5p from different species [36] . In all eight Pex5p-cargo structures, the PTS1 is in the same orientation with relation to Pex5p and although the PTS1 in each protein/peptide contains a Leu at the extreme C-terminus, the requirement of the conserved Asn residues for all Pex5p-PTS1 interactions [36] indicates Fig. 4 . Catalase containing a mutation in the heme binding site accumulates in the cytosol, but is present in the peroxisome when the PTS1 is changed into -SKL. Immunocytochemical staining of catalase protein in cells producing Cat-Y348G (panel A) or Cat-Y348G-SKL (panel B). The micrographs show that the protein containing the endogenous PTS (panel A) is predominantly present as electron dense aggregates in the cytosol, whereas a minor portion is present in an aggregate inside peroxisomes. The same mutant protein containing a C-terminal -SKL is only observed in aggregates in the peroxisomal matrix (panel B). M-mitochondrion, N-nucleus, P-peroxisome, V-vacuole. Arrowsprotein aggregates. The bar represents 1 μm. GFP-SKI has a longer residence time in the cytosol relative to GFP-SKL. Cells producing GFP-SKL or GFP-SKI both under control of the inducible alcohol oxidase promoter were pre-cultivated on media containing glucose and then transferred to methanol containing media to induce the alcohol oxidase promoter. Fluorescence microscopy images were made 4 h after transferring the cells to methanol medium. In cells producing GFP-SKI cytosolic fluorescence is clearly present in addition to peroxisomal fluorescence. In cells of the GFP-SKL strain cytosolic fluorescence is much lower as compared to the GFP-SKI strain. Western blots were decorated with specific antibodies against Pex5p, Pex14p and GFP. The levels of these proteins were similar in both strains. Identical amounts of protein were loaded to each lane from cell lysates of cells induced for 4 h on methansol. that the orientation of the PTS1 is conserved. This allowed us to model how Pex5p may bind to a PTS1 with Ile in the −1 position (Fig. 6 ). Ile and Leu are stereoisomers and chemically identical. The only difference comes in the position of a single methyl group, either branching from the Cβ in Ile or from Cγ in Leu. We observed that the methyl group from Ile could clash with the residue that forms the end of the PTS1 binding pocket in both our model of H. polymorpha Pex5p as well as the human and trypanosome protein structures (Fig. 6 ). Such a clash would undoubtedly lead to a lower binding affinity for a PTS1 containing an Ile at position −1, when compared to one with Leu at the equivalent position. To test this hypothesis, we attempted to mutate this residue in HpPex5p, which is Arg 455, to an alanine, to create a larger PTS1 binding pocket. However, we were unable to purify this mutant protein from E. coli, as it was insoluble. In the structures, the equivalent residue participates in hydrogen binding with a number of other residues in the Pex5p core and mutating it very likely destabilizes the protein.
Discussion
We showed that in the context of a 13-mer the C-terminal tripeptide of the PTS1 of H. polymorpha catalase (-SKI) has an eight fold lower affinity for its receptor Pex5 relative to the typical PTS1 tripeptide -SKL. Additionally, our model of how Pex5p may bind -SKI identifies a potential clash between the Ile at the −1 position and residues in the PTS1 binding pocket, which would very likely inhibit the interaction and consequently result in a somewhat slower import of the catalase protein ( Fig. 6 ). Indeed, our fluorescence microscopy studies using GFP-SKL and GFP-SKI revealed that GFP-SKI has a longer residence time in the cytosol relative to the GFP-SKL protein ( Fig. 5) .
Inspection of the C-terminal sequences of peroxisome borne catalases that were experimentally demonstrated to be located inside peroxisomes (Table 1) revealed that none of these enzymes contains a C-terminal -SKL. Moreover, most of these enzymes have a Cterminal tripeptide that does not correspond to the PTS1 consensus sequence. As a consequence, all peroxisomal catalases most likely have a relatively low affinity for their PTS1 receptors.
An intriguing question is why this crucial peroxisomal enzyme does not contain a strong PTS1, in order to ensure efficient sorting of the protein to peroxisomes under all circumstances. Our current data suggest that the strong -SKL sequence, but not the endogenous -SKI sequence, may result in import of catalase protein molecules that are not yet properly folded.
We show that a mutation in the heme binding site of catalase results in the formation of catalase-containing protein aggregates in the cytosol, providing a link between correct folding/oligomerisation and targeting. However, if the same mutated catalase variant contains the tripeptide -SKL, catalase protein aggregates are observed inside peroxisomes.
Based on these observations we speculate that in wild-type cells the weak -SKI sequence may prevent import of not yet folded catalase molecules. Indeed, we did not observe catalase aggregates in peroxisomes of wild-type cells that produce Cat-SKI. In contrast however, the strain that produces catalase protein with the stronger -SKL sequence (Cat-SKL) contained reduced catalase enzyme activity and had catalase aggregates inside peroxisomes. It is therefore tempting to speculate that the weak nature of the PTS1 in catalase acts as a quality control factor, allowing only correctly folded proteins to be imported.
Experiments using methanol-limited chemostat cultures revealed that the lower level of catalase enzyme activity of cells of the Cat-SKL strain has a physiological relevance, as the growth yield was reduced relative to that in cells of the Cat-SKI strain. This reduction is most likely due to the fact that in this strain H 2 O 2 is decomposed by other, energy-requiring processes, e.g. via cytochrome c peroxidase [31] .
The import and assembly pathway of catalase has been studied in detail in various organisms. Early pulse chase studies using rat liver suggested that monomeric catalase is imported into the peroxisome matrix, followed by heme-binding and tetramerization inside the organelle [37] . Also, data from a recent in vitro protein binding study using purified human Pex5 and catalase, suggested that catalase is imported as a monomer, because Pex5 did preferentially bind monomeric catalase under the experimental conditions used. These analyses however did not include protein transport assays and therefore the relevance of these observations for protein translocation is not yet known [38] . Moreover, import of monomeric catalase into peroxisome implies that its co-factor heme, which is generally assumed to be only synthesized in mitochondria, has to be imported into peroxisomes. So far, no evidence has been presented that supports transport of heme across the peroxisomal membrane or heme biosynthesis inside peroxisomes.
Yet available in vivo studies provide evidence in support of the fact that catalase is imported as the active, assembled tetrameric protein in human fibroblasts [39, 40] and in the yeast C. boidinii [11] . Given the fact that so far no molecular chaperones have been identified inside yeast peroxisomes, it is likely that peroxisomal enzymes fold and assemble with the help of cytosolic chaperones in the cytosol prior to translocation across the peroxisomal membrane. In line with this assumption is the observation that the peroxisomal translocon can accommodate large, oligomeric proteins [41] [42] [43] . Indeed, we previously showed that in H. polymorpha folded, oligomeric enzymes, such as dimeric dihydroxyacetone synthase and catalase, can be imported into peroxisomes [44] . Again, the absence of molecular chaperones inside yeast peroxisomes also implies that unfolded proteins inside these organelles are most likely unable to refold. Our data suggest that a portion of the Cat-SKL protein may bind to the Pex5 receptor before folding/assembly and hence ends up in protein aggregates inside the organelles (Fig. 3) . Our studies using the Cat-Y348G-SKL strain confirm that Pex5 is capable to import a misfolded cargo protein (Fig. 4B ).
Based on our findings we speculate that wild-type catalase protein (Cat-SKI) has an extended residence time in the cytosol relative to Cat-SKL. This extended period may also allow proper folding and assembly including binding of the co-factor heme. Folding is most likely mediated by cytosolic chaperones prior to binding of the protein to Pex5, resulting in efficient import of enzymatically active catalase protein. The Cat-SKL protein is also properly imported into peroxisomes, however, a portion of this variant most likely already binds Pex5 before being assembled. This protein will end up as aggregates in the organellar matrix.
In contrast to peroxisomes in mammals and fungi, chaperones have been identified in plant peroxisomes [45] [46] [47] . As plant catalases also contain non-canonical PTS1 sequences (Table 1) , we speculate that these proteins are also folded in the cytosol, prior to import. If so, the chaperones identified may function in refolding of matrix proteins that become unfolded after import into peroxisomes, e.g. upon heat stress.
In conclusion, our results lend support to the notion that reducing the import rate of H. polymorpha catalase serves an important function, as it will allow proper folding of the enzyme prior to import. Based on this it is therefore tempting to speculate that similar mechanisms may exist for other complex peroxisomal proteins. Scientific Research (ALW/NWO). C. Williams was funded by a Rubicon Fellowship (825.08.023) from NWO. We thank the EMBL Hamburg for providing resources and the SPC facility (EMBL Hamburg) for technical support. This project was carried out within the research program of the Kluyver Centre for Genomics of Industrial Fermentation, which is part of the Netherlands Genomics Initiative and NWO.
